ABSTRACT Numerical modeling of moisture flow, drying shrinkage and crack phenomena in cement microstructure, by coupling a Lattice Gas Automaton and a Lattice Fracture Model, highlighted the importance of a shrinkage coefficient ( sh ) as the most significant parameter for achieving realistic numerical results. Therefore, experiments on drying of cement paste samples were conducted in an Environmental Scanning Electron Microscope to find shrinkage coefficient relating shrinkage deformations and moisture content. Illustration of moisture flow in the heterogeneous sample by the Lattice Gas Automaton analysis is also presented.
Introduction
The focus of our current research is on understanding of the drying shrinkage and cracking phenomenon in porous cement-based composites through modeling and experimentation. The goal is to find the causes of early age cracks in order to improve the material microstructure. Moisture flow modeling is done using a modified Lattice Gas Automaton (LGA), whereas cracking is simulated using the Lattice Fracture Model (LFM) [1] . The modeling is supported by recent experimental observations of drying shrinkage cracking in model concrete, using an Environmental Scanning Electron Microscope (ESEM) [2, 3] , fluorescent microscopy and Acoustic Emission (AE) monitoring [4] , and measurements of moisture profiles during drying by Nuclear Magnetic Resonance (NMR) [3, 5] . Drying tests conducted in the ESEM were used to get a better understanding of the shrinkage process. The ESEM test results were analyzed by means of the digital image correlation [2] in the program Vic-2D, to find differential displacements and strains due to relative humidity variations. These measurements should lead to the determination of a moisture dependent shrinkage coefficient, which is the key-parameter in the numerical model.
Link between drying experiment in the ESEM and numerical simulation
Moisture flow due to evaporation, from young, porous cement paste causes early volume changes in the complex, yet not completely known, process of drying shrinkage. Non-uniform shrinkage in the heterogeneous early age cement microstructure may induce stresses that result in microcracks. We believe that, although re-wetting is usually applied, as early age curing in concrete structures, microcracks remain open [3] . They become the weakest spots in the cement microstructure, influencing together with eigenstresses, the mechanical properties of concrete and long term durability of the structures, in the presence of mechanical load [6] . This especially concerns the porous, bond zone between aggregate and cement paste, intensively researched in 1960s [7, 8] .
In the formulation of the shrinkage law [9] (Eq. 1), the differential shrinkage deformations ( sh ) are assumed to depend on the shrinkage coefficient ( sh ) and moisture content as follows:
where E l is evaporated water and E L is total free water and  sh represents the difference in the deformations between the two subsequent steps. [9] The value of  sh is found to be constant, provided the equilibrium relative humidity (RH) is reached in the cement paste and it is in the range of 40% and 100%. However the relation between shrinkage deformations and moisture content below 40% RH is not known. In order to find this relation, a drying procedure, including casting, polishing and curing of thin cement paste samples (size 10 x 10 x 1 mm 3 ), was developed [2] and drying to low relative humidity (20%) was performed in the ESEM.
ESEM tests
The moisture content of samples, in equilibrium, in the ESEM is varied at constant temperature (10°C) while lowering the pressure in the ESEM chamber from 9 torr to 2 torr At the same time, relative humidity varies from 100% to 20%. The created chamber climate induces evaporation of the unbound (free) water in the cement paste (CP) samples without or with an embedded aggregate (to model simple concrete). It has been observed that curing conditions, sample age, water/cement (w/c) ratio, the presence of an aggregate, as well as the value of the RH, gives rise to different drying behaviour of the samples. The weight loss due to water evaporation was measured on unpolished samples at three stages: at the fresh state (after 5 min of mixing), after 1 day and after 7 days. The total weight loss was 11% after 7 days. This is in a good agreement with the 12% moisture loss reported by L'Hermite [9] , where however different drying methods and sizes of samples had been used.
Observations of a single sample spot in the ESEM have shown that, under these drying conditions, the CP samples deformed. The deformations were more significant in wet cured samples than in dry cured ones. Larger deformations as well as microcracks developed in the wet cured cement paste samples of ages ranging from a minimum of 4 days, to a maximum of 51 days, both in samples with or without an aggregate (see Figure 1 ).
(a) (b) Figure 1 . Microcracks in pure cement paste (CP) samples at (a) 7 days; crack noticed after rewetting to 60% RH and at (b) 51 days; crack noticed after rewetting to 30% RH.
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Media, Kerkrade, The Netherlands, 18-23 May, 2003. In the cement paste samples with an embedded aggregate, circumferential gaps, approximately 1m wide, sometimes emerged between aggregate (glass pearl) and CP prior to the drying tests. These gaps are enlarged due to drying in Figure 2 . The existing gap could result from the sample preparation but testing of the samples at different ages, proved the age influence. We can assume that at the start of hydration, CP and aggregate stick together. They are practically 'glued' by the water film on the aggregate surface, which is formed in the mixing process and still present at early age.
There is no gap in the 4-5 days old CP sample. As the aging of the samples continues (32 days), the process of hydration slows down. Shrinkage deformation that develops at the sample edges, is probably a product of the inner desiccation, caused by hydration. When the early shrinkage begins the smoothness of the obstacle surface and consequent low adhesion may only contribute to the gap formation around the obstacle (Fig. 2) . Since in the ESEM the whole 10 x 10 mm 2 surface of a specimen can not be observed at the same time during drying, it is not possible to draw conclusions about the exact RH value that is critical for crack growth.
To calculate the shrinkage coefficient ( sh ), digital image correlation analysis is used to infer the drying deformations (strains) due to the changes in relative humidity from the ESEM tests [2, 10] . It has been observed that the relation between plane deformations (swelling or shrinkage) and variations in RH, depends on the age of the cement paste. In very young CP samples, swelling occurred (Fig. 3a) , while samples mostly older than 28 days demonstrated shrinkage, independently of the presence of a single aggregate (Figs. 3a, c) . Besides the mentioned tests, calculation of the shrinkage coefficient following the Equation 1 demands additional ESEM tests to be performed. The procedure would be to save several digital images (not only one as it has been done in the previous experiments), during the equilibrium time at every relative humidity (chamber relative humidity equals relative humidity of CP sample), in a number of sequential steps, in order to relate deformations and drying time.
The moisture dependent shrinkage coefficients result from Eq. 1, are used as input in the coupled model for drying and cracking of virtual CP samples [1] . Cracking is caused by the "moisture load", applied in the finite element Lattice Fracture Model (LFM), as an axial "eigen" force F as follows:
where h is a moisture content, E is Young's modulus of concrete, assumed a constant throughout the analysis and A is a cross sectional area of a beam element in the LFM. The moisture content (h) is obtained from numerical simulations with the Lattice Gas Automaton (LGA). Two dimensional isotropic lattice gas, i.e. a modified FHP model, named after the authors: Frisch, Hasslacher and Pomeau, suggested in the 80s [11] , is used for mimicking moisture flow. Due to the relatively simple input and allowance of complex boundary conditions in porous concrete, the LGA turned out to be very suitable in comparison with other numerical models. To simulate sample drying, the LGA model removes particles in the course of time [1] . The density, i.e. the number of particles per node, changes since particles move from one node to another and accordingly change relative humidity of the sample.
Lattice Gas Automaton, FHP model
The LGA is a variant of cellular automaton, introduced as an alternative numerical approximation to the partial differential equation of Navier-Stokes and the continuity equation, whose analytical solution leads to macroscopic approach of fluid dynamics. Microscopic behavior of the LGA has been shown to be very close to the NavierStokes (N-S) equations for incompressible fluids at the macroscopic level.
In order to bridge the gap between the discretized micro-and macro-worlds, averaging of the variables is necessary. Macroscopic variables in the N-S equation, are the density  (Eq. 1) and the momentum I (Eq. 2), which are functions of the lattice space vector r and time t. The local density  is the summation of the average number of particles traveling along each of six (hexagonal) directions, with velocity c i . Multiplication of the density by the velocity vector u equals linear momentum (I = u). Boolean algebra is applied for the expressions of the discretized variables density and momentum, respectively, as follows: 
where  (r , t) is the density per node, u is the mean velocity, I = u is the momentum, c i is the velocity of a single particle in any of six directions (i = 0,…,5) and N i (r, t) is the average particle population of the cell expressed as the Fermi-Dirac distribution. Further derivations and theoretical explanations of the LGA and FHP models can be found in the literature [12] . In the LGA model for moisture flow and drying of porous media (Fig. 4) , a maximum of seven fluid particles is present at each node of a regular, triangular lattice [12] . Six fluid particles can move freely in any of six (hexagonal) lattice directions, at each time step, from one lattice node to the other, with a unit velocity c i . The seventh particle stays at rest, having zero velocity.
Inputting solid particles at fixed positions, of different sizes simulates a solid phase in the fluid lattice (Fig. 4) . The number of fluid particles per node and their interaction law (collisions) affect the physical properties of real fluid such as viscosity. Particle movements are divided into so called propagation step (spatial shift) and collisions. Not all particles take part in the collisions. It strongly depends on their current positions on the lattice in a certain LGA time step. In order to avoid an additional spurious conservation law [13] , a minimum of two-and three-body collisions (FHP1 rule) is necessary to conserve mass and momentum along each lattice line. Collision rules FHP2 (22 collisions) and FHP5 (12 collisions) have been used for most of the previous analyses [1, 2, 14] , since the reproduction of moisture flow in capillaries, in comparison to the results from NMR tests [3] , is then the most realistic.
Example:
LGA simulation of heterogeneous media The LGA models can reproduce flow in homogenous and heterogeneous media [3] with different-sized solid particles. An example is presented in Figure 4 . Drying of the LGA sample is initiated from the left side by an input of low density particles. Boundary conditions are periodic in the vertical direction, while on the left side a solid wall is placed. Collision among fluid particles is defined by the FHP2 collision rule, while the no slip (bounce-back) condition is assumed between the solid wall and the fluid particles. To determine the influence of boundary conditions on the speed of drying and moisture gradient both specular-reflection (r = 1), Fig. 5a , and bounce-back (r = 0) rules are used to represent the interaction between the solid and fluid particles, Fig. 5b . investigated for the influence of boundary conditions on the speed of drying and Drying is always faster in the samples where specular-reflection rule is applied, while the moisture gradient is slightly higher with the application of bounce-back reflection rule, including an increase in noise. LGA steps (r = 0). 
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Observations and discussion
Modelling of moisture flow in porous media can be successfully done by applying cellular automata methods, such as the simple 2-D Lattice Gas Automaton. Numerical results are qualitatively in a good comparison with experimental NMR [3] . Since both in the NMR and the Lattice Gas Automaton, time and space are variables, analytical proof of synchronicity between LGA and real flow, observed by NMR, could be done through the comparisons with the similarities of capillary flows. This means the following. It is known that the real fluid flow and LGA fluid flow simulations are similar if their Re numbers are similar. This could be the way of ultimately couple
LGA steps to a real time scale, in order to facilitate quantitatively fitting the parameters to experimental observations like the NMR experiments [3] . The good agreement between LGA flow and real flow ensures that the moisture content (h) is realistic enough for the input in Eq. 2 in order to create drying cracks in the coupling analysis. In that respect, the Re number (Re = lu/) must be kept low (Re << 1), while kinematic viscosity ( = /) must increase (two-, three-to fivebody collision, must be kept low). The current experimental research, in comparison to the tests from the literature [9, 10, 15] , shows that moisture flow and subsequent drying deformations could be successfully tested on thin cement paste samples (d = 1mm). In order to get better understanding of the deformation processes and influential parameters, observations must be performed at different age of the cement paste. Although still in a developing phase, ESEM as a tool shows advantages for measuring moisture dependent deformations in drying samples. Both experimental and numerical work is currently in progress. Coupling of the drying, deformation and fracture processes, is a complex problem where for the sake of simplicity, possible coupling between flow in cracks in the solid has not been considered.
